AK. Sex differences and central protective effect of 17␤-estradiol in the development of aldosterone/NaCl-induced hypertension. Am J Physiol Heart Circ Physiol 296: H1577-H1585, 2009. First published March 6, 2009 doi:10.1152/ajpheart.01255.2008.-The present study tested the hypotheses that male and female rats respond differently to subcutaneous infusions of aldosterone (Aldo; 1.8 g ⅐ kg Ϫ1 ⅐ h Ϫ1 , 1% NaCl to drink; 28 days) and that central estrogen plays a protective role against the development of hypertension. In rats with blood pressure (BP) and heart rate (HR) measured by Data Sciences International telemetry, chronic Aldo/NaCl treatment induced a greater increase in BP in males (⌬25.4 Ϯ 2.4 mmHg) than in females (⌬7.1 Ϯ 2.2 mmHg). Gonadectomy augmented Aldo/NaCl-induced hypertension in females (⌬18.2 Ϯ 2.0 mmHg) but had no effect in males (⌬23.1 Ϯ 2.9 mmHg). Immunohistochemistry for Fra-like activity was higher in the paraventricular nucleus of intact males, castrated males, and ovariectomized (OVX) females compared with intact females after 28 days of Aldo/NaCl treatment. In intact males, central 17␤-estradiol (E 2) inhibited the Aldo/NaCl increase in BP (⌬10.5 Ϯ 0.8) compared with that in central vehicle plus systemic Aldo/NaCl (⌬26.1 Ϯ 2.5 mmHg) rats. Combined administration of E 2 and estrogen receptor antagonist ICI182780 (ICI) blocked the protective effect of E 2 (⌬23.2 Ϯ 2.4 mmHg). In intact females central, but not peripheral, infusions of ICI augmented the Aldo/NaCl (⌬20.4 Ϯ 1.8 mmHg) BP increase. Finally, ganglionic blockade after Aldo infusions resulted in a smaller reduction in BP in intact females (Ϫ23.9 Ϯ 2.5 mmHg) and in central estrogentreated males (Ϫ30.2 Ϯ 1.0 mmHg) compared with other groups (intact males, Ϫ39.3 Ϯ 3.4; castrated males, Ϫ41.8 Ϯ 1.9; intact males with central E 2 ϩ ICI, Ϫ42.3 Ϯ 2.1; OVX females, Ϫ40.3 Ϯ 3.3; and intact females with central ICI, Ϫ39.1 Ϯ 1.3 mmHg). Chronic Aldo infusion produced increases in NaCl intake and decreases in HR that were both similar in all groups. Taken together, the results indicate that central estrogen plays a protective role in the development of Aldo/NaClinduced hypertension and that this may result from reduced sympathetic outflow. estrogen receptor; blood pressure; heart rate; sympathetic nervous system HYPERTENSION IS ONE OF THE most important risk factors for the development of cardiovascular disease. Sex differences in the regulation of blood pressure (BP) have been found in both humans and in animal models (11). For example, in patients with familial hyperaldosteronism type I, females compared with males appear to be relatively protected against the development of early onset or severe hypertension and its complications (36). In rats with deoxycorticosterone pivalate (DOC)/NaCl-induced hypertension, BP rises more rapidly and reaches a higher level in male than in female rats, and the development of the hypertension is attenuated by gonadectomy in male rats and exacerbated by gonadectomy in female rats (9, 30). Recent evidence from clinical and experimental studies has suggested that direct cardiovascular effects of aldosterone (Aldo) contribute to the development of cardiovascular injury (7, 8, 46) . However, there are few animal studies evaluating sex differences and related mechanisms in mineralocorticoid/NaCl-induced hypertension (9).
HYPERTENSION IS ONE OF THE most important risk factors for the development of cardiovascular disease. Sex differences in the regulation of blood pressure (BP) have been found in both humans and in animal models (11) . For example, in patients with familial hyperaldosteronism type I, females compared with males appear to be relatively protected against the development of early onset or severe hypertension and its complications (36) . In rats with deoxycorticosterone pivalate (DOC)/NaCl-induced hypertension, BP rises more rapidly and reaches a higher level in male than in female rats, and the development of the hypertension is attenuated by gonadectomy in male rats and exacerbated by gonadectomy in female rats (9, 30) . Recent evidence from clinical and experimental studies has suggested that direct cardiovascular effects of aldosterone (Aldo) contribute to the development of cardiovascular injury (7, 8, 46) . However, there are few animal studies evaluating sex differences and related mechanisms in mineralocorticoid/NaCl-induced hypertension (9) .
An observation from the Framingham Heart Study that plasma Aldo levels correlate positively with cardiac wall thickness in women but not in men suggests an important interaction between estrogens and mineralocorticoids (34, 39) . In DOC or Aldo/NaCl-treated ovariectomized (OVX) female rats, 17␤-estradiol (E 2 ) attenuates the course of hypertension (9) and mineralocorticoid receptor (MR)-mediated cardiovascular injury (2, 3, 21) . However, such studies do not provide insight regarding the sites where interactions between mineralocorticoids and estrogen may occur.
The central nervous system (CNS) appears to play a key role in the pressor effects caused by mineralocorticoid excess. Continuous intracerebroventricular infusions of Aldo at low rates in rats cause a significant increase in BP, whereas the same dose is ineffective when given systemically (15) . Chronic intracerebroventricular infusion of an MR antagonist blocks intracerebroventricular Aldo-induced hypertension as well as hypertension resulting from subcutaneous Aldo infusion (16) . Central Aldo antagonism also normalizes mineralocorticoid-altered baroreflex activity and reduces sympathetic tone (19, 20, 40) . Recent studies from our laboratory have shown that central E 2 and activation of estrogen receptors (ER) attenuate angiotensin II (ANG II)-induced hypertension in intact male and OVX female mice through a reduction of reactive oxygen species production in the subfornical organ (44, 45) . Both MR and ER are present in brain areas of the hypothalamus and in circumventricular organs (1, 17, 29, 35) implicated in the neural control of BP and body fluids balance (6, 22, 33) . These findings raise the possibility that there are central interactions between estrogen and Aldo and that central estrogen actions may protect against Aldo-induced cardiovascular pathology.
The present study tested the hypotheses that 1) there are sex differences in the development of Aldo/NaCl-induced hypertension and 2) central E 2 and its receptors are involved in the protective effects of estrogen against Aldo/NaCl-induced hypertension.
ture-and light-controlled animal quarters and were provided with rat chow (7013 NIH-31 modified rat diet, 0.25% NaCl) ad libitum. The rats were divided into nine groups: intact males, castrated males, intact females, OVX females, intact females with peripheral ER antagonist ICI182780 (ICI) infusion, intact females with central ICI infusion, intact males with central vehicle infusion, intact males with central E 2 infusion, and intact males with central E2 ϩ ICI infusion. All of the groups were infused subcutaneously with Aldo (1.8 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ) combined with 1% NaCl as the sole drinking fluid. Body weights and 1% NaCl intakes were measured daily. Gain of body weight and average 1% NaCl intake were calculated after 28 days of Aldo treatment. All experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and approved by the University of Iowa Animal Care and Use Committee.
Surgical Procedures
Gonadectomy. Ten days before implantation of Data Sciences International (DSI) telemetry probes, bilateral gonadectomies were performed in female and male rats anesthetized with a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively). In the females, a single 2-to 3-cm dorsal midline incision was made in the skin and underlying muscles. The ovaries were isolated, tied off with sterile suture, and removed, and the incisions were then closed. In the males, a single incision was made in the skin covering the scrotum. The testicles were exteriorized, tied off, and removed, and the skin was then sutured.
Telemetry probe implantation. Implantable rat BP transmitters (TA11PA-C40; DSI, St. Paul, MN) were used to directly measure arterial pressure in individual animals. The rats were anesthetized with a ketamine-xylazine mixture. The femoral artery of the rat was accessed with a ventral incision. The right femoral artery was isolated, and the catheter of a telemetry probe was inserted into the vessel. Through the same ventral incision a pocket along the right flank was formed. The body of the transmitter was slipped into the pocket and secured with tissue adhesive. The ventral incision was then closed with suture.
Chronic intracerebroventricular cannula and osmotic pump implantation. After baseline BP and heart rate (HR) recordings were obtained, rats were again anesthetized with a ketamine-xylazine mixture, and an intracerebroventricular cannula with an osmotic pump (Model 2004; 28 days; Alzet, Cupertino, CA) was implanted into the right lateral ventricle (coordinates: 0.9 mm caudal, 1.5 mm lateral to bregma, and 5.0 mm below the skull surface) for chronic infusions of E 2 (20 g⅐kg Ϫ1 ⅐day
Ϫ1
; Sigma, St. Louis, MO), ICI (1.5 g ⅐ kg Ϫ1 ⅐ day Ϫ1 ; Tocris Bioscience, Ellisville, MO), or E2 ϩ ICI. The dosages of E2 and ICI were chosen based on published in vivo studies (18, 44) . At the same time, osmotic pumps (model 2004; Alzet) containing Aldo (1.8 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ; Sigma) were implanted subcutaneously in the back and tap water was changed to 1% NaCl. At the end of the experiment, the animals were euthanized and perfused transcardially with saline followed by fixative. The location of the lateral ventricle cannula implantation was verified histologically.
Fluorescent immunohistochemistry. Immunohistochemical studies were performed to assess neuronal activation in the paraventricular nucleus (PVN). Expression of Fra-like (fos family gene) activity was used as an indicator of chronic neuronal activation. Brain sections were incubated with a rabbit polyclonal anti-Fos antibody (Santa Cruz Biotechnology, Santa Cruz, CA; K-25, sc-253, 1:1,000) and a mouse monoclonal anti-MR antibody (generated in the laboratory of Dr. C. E. Gomez-Sanchez) in 5% donkey normal serum with 0.2% Triton X-100 for 72 h at 4°C. After being thoroughly washed with PBS, sections were incubated with Rhodamine Red-X-conjugated AffiniPure donkey anti-rabbit IgG (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA) and Cy2-conjugated AffiniPure donkey anti-mouse IgG (1:100; Jackson) in PBS for 24 h at 4°C. Fluorescence was then identified using confocal microscopy. In each animal, Fra-like positive and double-labeled PVN neurons were counted manually, and the counts of two representative 40-m transverse sections at a level ϳ1.80 mm posterior to bregma were averaged.
Experimental Protocol
Measurement of BP and HR. All rats were allowed 7 days to recover from transmitter implantation surgery before any measurements were made. Thereafter, BP and HR were telemetrically recorded and stored with the Dataquest ART data acquisition system (DSI).
To determine the effects of E2, ICI, or E2 ϩ ICI on Aldo-induced hypertension in male and female rats, intracerebroventricular cannulas with osmotic pumps were implanted into the right lateral ventricle for chronic infusions of vehicle, E 2, ICI, or E2 ϩ ICI for 28 days. At the same time, the rats were infused subcutaneously with Aldo combined with 1% NaCl as the sole drinking fluid.
Evaluation of BP responses to autonomic blockade. BP was also measured in the presence of the ganglionic blocker hexamethonium (30 mg/kg ip). Ganglionic blockade was repeated two times in each animal, during baseline and after 28 days of Aldo infusion. On the day of ganglionic blockade experiments, rats were allowed to stabilize for at least 60 min, after which time BP was recorded for 20 min before and after hexamethonium injection.
Data Analysis
Mean arterial pressure (MAP) and HR were collected for 5 baseline days and then for 28 consecutive days during E 2, ICI, or E2 ϩ ICI and Aldo pump implantation. MAP and HR are presented as mean daily values.
All data are expressed as means Ϯ SE. Statistical analyses of the effects of central administration of E 2, ICI, or E2 ϩ ICI on BP during Aldo infusion were performed with two-way ANOVA for repeated measures (Sigma Stat version 2.06). Post hoc analysis was performed with Fisher's least significant difference multiple comparison tests where appropriate. A one-way ANOVA was used for comparing changes in BP and 1% NaCl intake. Statistical significance was set at P Ͻ 0.05.
RESULTS

Baseline BP and HR in Conscious Rats
Baseline values for MAP were comparable in all groups including intact males (n ϭ 7; 101.8 Ϯ 1.8 mmHg), castrated males (n ϭ 6; 102.3 Ϯ 2.5 mmHg), intact females (n ϭ 7; 99.6 Ϯ 0.8 mmHg), and OVX females (n ϭ 6; 101.6 Ϯ 1.2 mmHg). However, baseline HR was significantly higher in intact and OVX female rats (376.4 Ϯ 10.8 and 378.6 Ϯ 7.4 beats/min, respectively; P Ͻ 0.05) than that in intact males (307.4 Ϯ 5.6 beats/min) and castrated males (346.6 Ϯ 8.8 beats/min).
Effects of Aldo/NaCl Treatment on BP and HR in Intact and Gonadectomized Male and Female Rats
Over 28 days of Aldo ϩ 1% NaCl treatment, male rats progressively developed hypertension (⌬25.4 Ϯ 2.4 mmHg; P Ͻ 0.05), which was greater than that seen in intact females (⌬7.1 Ϯ 2.2 mmHg; P Ͻ 0.05). Gonadectomy augmented Aldo ϩ 1% NaCl-induced hypertension in females (⌬18.2 Ϯ 2.0 mmHg; P Ͻ 0.05) but had no effect in males (⌬23.1 Ϯ 2.9 mmHg; Fig. 1, A and B) . Chronic Aldo infusion produced a significant decrease in HR in all groups (P Ͻ 0.05; Fig. 1C) . However, the fall in HR during Aldo/NaCl treatment was similar in all groups (intact male, Ϫ40.5 Ϯ 4.2; castrated male, Ϫ43.9 Ϯ 5.7; intact female, Ϫ46.4 Ϯ 4.9; and OVX female, Ϫ50.4 Ϯ 7.6 beats/min; P Ͼ 0.05; Fig. 1D ).
Effects of Aldo/NaCl Treatment on Neuronal Excitation in the PVN
Although Fra-like activity in the PVN of gonadectomized male and female rats was higher (P Ͻ 0.05) than that in intact rats after vehicle infusion, Aldo/NaCl treatment induced a significant increase (P Ͻ 0.05) in Fra-like activity in PVN neurons in all groups ( Fig. 2A) . Moreover, the increases in Fra-like activity were greater in the PVN of the intact male, castrated male, and OVX female rats compared with intact female rats after 28 days of Aldo/NaCl treatment. Approximately 70% of Fra-like positive neurons showed MR-like immunocytochemical staining, and there were no significant differences in the percentage of Fra-like positive neurons with MR-like immunoreactivity in all groups (Fig. 2B) .
Effects of Intracerebroventricular Infusion of E 2 or E 2 ϩ ICI on Aldo-induced Hypertension in Male Rats
Central E 2 (Fig. 3, A and B) inhibited the increase in MAP induced by Aldo/NaCl (⌬10.5 Ϯ 0.8; n ϭ 5; P Ͻ 0.05) compared with that seen in rats with central vehicle plus systemic Aldo (⌬26.1 Ϯ 2.5 mmHg; n ϭ 6). Concurrent administration of ICI prevented the protective effect of E 2 (⌬23.2 Ϯ 2.4 mmHg; n ϭ 5). Systemic Aldo infusion produced significant, comparable decreases in HR in all groups (P Ͻ 0.05; Fig. 3C ; central vehicle, Ϫ41.5 Ϯ 5.2, central E 2 , Ϫ40.0 Ϯ 4.6, and central E 2 ϩ ICI, Ϫ48.8 Ϯ 3.7; P Ͼ 0.05; Fig. 3D ).
Effects of Central and Peripheral Infusion of ICI on Aldo/NaCl-induced Hypertension in Female Rats
Twenty-eight days of Aldo infusion resulted in a 20.4 Ϯ 1.8 mmHg (n ϭ 6; P Ͻ 0.05) increase in MAP in female rats treated with central infusions of ICI versus a 7.1 Ϯ 3.9 mmHg increase in female rats treated with the peripherally administrated antagonist (Fig. 4, A and B) . As shown in Fig. 4C , Aldo infusion produced a significant decrease in HR in both groups (P Ͻ 0.05), but there was no difference in HR between groups treated with peripheral (Ϫ45.9 Ϯ 4.9 beats/min) and central (Ϫ42.0 Ϯ 9.0 beats/min) ICI (Fig. 4D) . Figure 5 shows decreases in BP with acute ganglionic blockade in all groups. The average reduction in the BP response to hexamethonium injection before infusion of Aldo was Ϫ24.7 Ϯ 3.5 mmHg, and there was no difference between males and females (Fig. 5A) . In males, following 28 days of Aldo infusion, acute hexamethonium injection resulted in a greater reduction in BP in intact (Ϫ39.3 Ϯ 3.4 mmHg; Fig. 5A ), castrated (Ϫ41.8 Ϯ 1.9 mmHg; Fig. 5A 
Effects of Autonomic Blockade on BP
Effects of Aldo Infusion on 1% NaCl Intake
There was no difference in 1% NaCl intake between male (37.8 Ϯ 8.0 ml/day) and female (33.8 Ϯ 6.0 ml/day) rats when given Aldo vehicle alone (not shown in Fig. 6 ). Systemic infusion of Aldo significantly increased 1% NaCl intake in all groups of rats with or without central treatment. There was also no difference between males and females (Fig. 6, A and B) . 
Effects of Aldo/NaCl on Body Weight
Gonadectomy increased the body weight in female (45.2 Ϯ 5.7 g; P Ͻ 0.05) compared with male (12.0 Ϯ 4.2 g) rats. Twenty-eight days of Aldo/NaCl treatment resulted in a further increase in body weight in OVX females (42.1 Ϯ 4.2 g), but this was not statistically different from the gains of body weight in intact males (39.1 Ϯ 7.5 g), intact females (38.4 Ϯ 3.9 g), castrated males (36.7 Ϯ 5.7 g), central E 2 ϩ ICI-treated 
DISCUSSION
The main findings of this study are 1) Aldo/NaCl treatment induces greater hypertension in males than in females, 2) gonadectomy augments hypertension in females, 3) central E 2 attenuates Aldo/NaCl-induced hypertension in males, 4) central ER antagonist augments this form of hypertension in females, and 5) the attenuated BP effect on Aldo/ NaCl-induced hypertension in intact females and males produced by central E 2 administration involves decreased sympathetic outflow. Taken together, these results suggest that female rats are protected against the development of Aldo/NaClinduced hypertension and that central estrogen plays an important modulatory role in the pathogenesis of Aldo/NaCl-induced hypertension.
Aldo has been identified as an independent risk factor for cardiovascular disease (46) . Increased serum Aldo levels in patients with heart failure have been shown to correlate directly with the risk of cardiovascular events (37) . In several species including mouse, rat, and dog, administration of Aldo, DOC, or the water soluble form of DOC [i.e., deoxycorticosterone acetate (DOCA)] leads to sustained hypertension (9, 23, 27) . Male animals with sufficiently elevated Aldo became hypertensive after ϳ10 days of hormone administration in combination with moderately increased sodium intake (24).
Crofton and Share (9) were the first to report sex differences in the development of mineralocorticoid-induced hypertension by demonstrating the relative protection of females to DOC/ NaCl-induced hypertension and that OVX exacerbated the rise in BP in female rats (9) . The present investigations are consistent with the previous study by demonstrating that infusion of the primary mineralocorticoid in rat, Aldo, combined with 1% NaCl as the sole drinking fluid increased BP significantly in males but not in females and that OVX augmented the pressor effect in the mineralocorticoid/NaCl-treated females.
It has been shown that activation of central MR is essential for the pressor effects caused by systemic Aldo excess (14) . In the brain, like the periphery, Aldo exerts its actions through binding to MR. MR in the PVN and the two forebrain circumventricular organs, the subfornical organ and the organum vasculosum of the lamina terminalis, are heavily implicated in Aldo/NaCl-induced hypertension (10, 14, 47, 48) . It has been shown that central Aldo excess produces hypertension through an increase in the release of arginine vasopressin and elevated central sympathetic drive to the kidneys, heart, and vascular smooth muscle (14) . Central infusion of an MR antagonist reduces sympathetic tone (19, 20, 40) . However, the neuroanatomical sites where Aldo acts to increase sympathetic activity remain uncertain. Neurons of the PVN are known to be involved in the regulation of autonomic and neuroendocrine activity. Efferent projections from the PVN to the rostral ventrolateral medulla and to the spinal cord modulate the excitability of sympathetic preganglionic neurons (25, 33) . This combined with the role of the PVN in the control of vasopressin synthesis and release (6) makes the PVN a prime forebrain candidate as a central site responsible for mediating Fig. 6 . Mean daily 1% NaCl intake during chronic Aldo infusions in intact and gonadectomized male and female rats (A). Mean daily 1% NaCl intake during Aldo infusions in male rats treated with central vehicle, E2, or E2 ϩ ICI and in female rats treated with peripheral or central ICI (B). sympathetic outflow and vasopressin release during Aldo excess. Recent immunohistochemical and electrophysiological studies by Zhang and colleagues (48) support this idea. In their studies, intracerebroventricular infusion of Aldo increased Fralike activity (indicating neuronal activation) in the neurons of the PVN and enhanced sympathetic nerve activity by upregulating the brain renin-angiotensin system activity and superoxide production in the PVN (48) . The present study extends this finding by showing that most of the Aldo-activated neurons in the PVN also possess MR. Moreover, after Aldo/NaCl treatment, the number of activated neurons in the PVN was low in intact females, and OVX increased the activated neurons in the PVN to an extent similar to that seen in intact males. These observations suggest that in females estrogen may counteract the activating effect of Aldo to influence the activity of PVN neurons. The sympathetic nervous system is further implicated by our functional study in which the reduction of BP in response to ganglionic blockade was less in both intact males treated with central E 2 and intact females compared with either intact or castrated males or OVX females. These results may account for the observed sex differences in the central effects of Aldo on Aldo/NaCl-induced hypertension and on sympathetic drive.
Crofton and Share (9) demonstrated that gonadectomy attenuates the development of DOC/NaCl-induced hypertension in males. In the present study, we did not find that castration affected Aldo/NaCl-induced hypertension. Crofton and Share (9) studied uninephrectomized rats treated with DOC and measured BP by tail-cuff in lightly anesthetized, slightly heated animals. The present study employed rats with intact kidneys, treated with the primary rodent mineralocorticoid Aldo, and chronically monitored arterial BP and HR by telemetry. The alternative methods used in these two studies may account for apparent differences on the effects of castration on mineralocorticoid-induced hypertension.
Several studies have shown that intracerebroventricular Aldo increased HR and impaired arterial baroreflex control of HR (19, 20, 40) . With regard to basal HR in the present study, the opposite was observed in that Aldo/NaCl treatment produced gradual reductions over the course of the experiment that were similar in all groups, regardless of sex or treatment. The explanation for the discrepancy between the previous studies and the present study may also be due to differences in the methods used to collect BP and HR measures. Previous work used either direct measurements of BP and HR made shortly after implanting indwelling arterial catheters or the tail-cuff method. These methods are likely to have marked nonspecific stress components. In contrast, the present studies used telemetry to allow collection of cardiovascular data with minimal stress and maximal time for recovery after implantation of vascular lines.
There is a growing consensus from a body of cardiovascular research that ER activation is beneficial. Endogenous estrogen as well as ER activation by selective or nonselective agonists lowers elevated BP and significantly improves several key features of cardiovascular injury in DOC/NaCl-or Aldo/NaCltreated rats (2, 9) and in OVX spontaneously hypertensive rats (21) . Several clinical studies have also demonstrated important interactions between mineralocorticoids and ER function. A new hormone therapy combining E 2 with drospirenone, which is a progestin with anti-aldosterone activity, has been shown to have a BP lowering effect in postmenopausal women and to effectively relieve symptoms of menopause (41, 42) .
A growing number of recent studies have demonstrated the protective effects of estrogen in the CNS. In the in vitro experiments, E 2 facilitates area postrema calcium-activated K ϩ currents and inhibits area postrema neuronal activity (26) . E 2 also attenuates the increase in intracellular Ca 2ϩ concentration induced by ANG II in cultured area postrema neurons (31) . In in vivo experiments, central infusion of E 2 prevents the increase in BP induced by ANG II in male mice and in OVX female mice (44, 45) . Central infusion of an ER antagonist augments ANG II-induced hypertension in female mice (44) .
Moreover, sex differences in MR mRNA levels have been reported in the rat brain (38) . Chronic E 2 treatment decreases MR mRNA expression and MR binding in the hippocampus (4, 5) . Given the importance of the central activation of MR in the development of Aldo/NaCl-induced hypertension and in light of the evidence that estrogen protects centrally against various components of the renin-angiotensin-Aldo system (12), one could hypothesize that central estrogen and activation of its receptors contribute to the attenuated BP and the reduced BP response to automatic blockade in Aldo-treated females. In the present study, central E 2 inhibited the increase in BP induced by Aldo/NaCl treatment in male rats. In intact females, central (but not peripheral) infusions of the ER antagonist augmented the pressor effects of Aldo. Ganglionic blockade resulted in a smaller reduction in BP in central E 2 -treated males compared with females with central ER antagonist treatment. This is consistent with the aforementioned hypothesis that central estrogen and ER activation reduces sympathetic outflow and Aldo/NaCl-induced increases in BP.
The effects of estrogen on the cardiovascular system are mediated by two different ER subtypes: ER-␣ and ER-␤. The present study used a nonselective ER agonist and a nonselective ER antagonist. In a recent study on the effects of estrogen in the PVN on BP, microinjections of E 2 into the PVN dosedependently attenuated the pressor response to glutamate (13) . These effects of E 2 appear to be mediated by ER-␤ (13) . Future studies could focus on determining whether ER-␣ and/or ER-␤ are responsible for the protective effects of E 2 in Aldo/NaClinduced hypertension (43) .
It has been shown that intracerebroventricular Aldo produced sustained dose-responsive increases in BP, which appear to be independent of alterations in sodium ingestion (32) . Intracerebroventricular administration of the MR antagonist markedly attenuates hypertension in the DOCA/NaCl model but has no effect on saline intake (20) . These results suggest that the pathways mediating the BP responses to Aldo/NaCl treatment may be separate from those controlling thirst and salt appetite (28) . Although OVX, central E 2 , or ICI changed the BP responses to Aldo infusion in the present studies, saline intakes in all groups were similar regardless of sex or treatment condition. Thus the sex differences in Aldo-induced hypertension and the effects of OVX, central E 2 , or ICI on Aldoinduced hypertension in the present study are unlikely to be due to saline intake.
Body weights were reduced in intact male rats chronically treated with E 2 , whereas in the other group of rats they were increased after Aldo/NaCl treatment. Although hypertension was attenuated in the E 2 -treated males, we are unaware of data that support an influence of growth rate or body mass on the development of Aldo-induced hypertension. Indeed, the gain of body weight in intact females with Aldo/NaCl treatment was similar to that in male or gonadectomized rats, but the development and severity of Aldo-induced hypertension was much less than that seen in intact male or gonadectomized male and female rats.
In summary, female gender and the central actions of estrogen on ER play an important protective role in the development of Aldo/NaCl-induced hypertension. This protective effect at least in part seems to involve actions to decrease sympathetic outflow, which may arise from influences mediated through the hypothalamic PVN.
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